We report on the evolution of uncapped Fe 70 Ga 30 layers deposited by sputtering and post-growth annealed in oxygen atmosphere in a temperature range from 500 °C to 800 °C. We have investigated the morphology, structure and magnetic properties of films with a thickness of 200 nm deposited on Mo buffer layers on glass substrates. X-ray diffractometry shows a decrease of the lattice parameter up to 600 °C whereas a further increase of the temperature up to 800 °C promotes the transformation to Fe 2 O 3 . We have observed by x-ray absorption fine structure the partial oxidation of Ga and the formation of Ga aggregates at 600 °C. These aggregates form Ga-rich bubbles that can be observed on the sample surface from which Ga evaporates leaving a Ga-poor layer that is later oxidized into Fe 2 O 3 . The thermal treatment on oxygen atmosphere has also a clear impact on the magnetic properties of the layers. The uniaxial in-plane magnetic anisotropy of the as-grown film evolves to magnetic isotropy when annealed at 600 °C probably due to the segregation and formation of Ga-rich areas. After Ga evaporates from the sample, Fe is fully oxidized and only a weak ferromagnetism related to Fe 2 O 3 is detected.
Introduction
In the last years, oxides of Fe-Ga alloys have started to gain attention due to their appealing properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Some of these alloys with a composition around FeGaO 3 are piezoelectric with an additional large linear magnetoelectric effect [12] . Other oxides close to the FeGa 2 O 4 composition have been proposed for hyperthermia treatments and as the insulating paramagnetic layer in a magnetic tunnel junction [13] [14] [15] . There are works devoted to the properties of bulk samples [1, 2 , 3, 11-12, 16] , to thin films and nanoparticles [4-7, 9, 14-15 17-18] . PLD seems to be one of the most adequate methods to deposit high quality oxide layers in general, and Fe-Ga-O in particular [4] [5] [6] [7] 17] . Nevertheless, it is a rather expensive and complicated growth
technique. An alternative deposition procedure that can be used to achieve oxide thin films is sputtering, although few investigations have reported on the Fe-Ga-O system up-to-date [18] .
When using any of the above mentioned growth techniques to obtain Fe-Ga-O oxides, it is of interest the knowledge of the oxidation process of Fe-Ga alloys to better understand and control the growth of the oxides. Although there are papers about the oxidation of Fe and Ga, rather few studies have been published about the oxidation of Fe-Ga films [19] . In the work of Q. Xing et al. it is reported the oxidation process in air showing that the formation of surface oxides avoids proper imaging when working in dark-field mode in a transmission electronic microscope. It is mentioned that Ga solution in Fe can prevent macro oxidation process although, to our knowledge, no investigations about this process at high temperatures have been reported. Therefore, we have investigated the morphology, structure, and magnetic properties of sputtered Fe 70 Ga 30 thin films when annealed in oxygen atmosphere in a temperature range from 500 °C to 800 °C. In particular, we have studied uncapped layers in order to have a 4 better insight into the process being used a Mo buffer layer in order to avoid oxygen diffusion from the glass substrate into the Fe-Ga. Therefore, the structure of the layers studied in this work is glass/Mo(30 nm)/Fe 70 Ga 30 (200 nm). Our experimental results
show that up to 600 °C, Ga partially oxidized but it also segregates from the Fe matrix forming Ga-rich areas, many of which are observed on the layer surface as round shaped bubbles. A further increase of the temperature promotes the Ga evaporation, preferentially from the bubbles, and eventual transformation of the layer into α-Fe 2 O 3 .
Eventually, at 800 °C there are large uncovered areas due to the decomposition of the layer. These results show the difficulties to achieve Ga-Fe-O compounds from the annealing in an oxygen atmosphere of Fe-Ga layers.
Experimental techniques
Samples were grown by the DC magnetron sputtering technique at room temperature on glass substrates. The deposition was carried out in oblique incidence with an angle between the vapor beam and the perpendicular to the sample of about 25°.
The Fe-Ga films were deposited from a target with a composition of Fe 72 Ga 28 using an Ar pressure of 0.3 Pa and a growth power of 70 W in all cases. The distance between substrate and target was of 9 cm that corresponds to the ballistic regime [20] . The Fe-Ga films with a thickness of 200 nm were deposited on top of Mo buffer layers with a thickness of 30 nm also deposited by sputtering in the same previous conditions. These samples were post-annealed in oxygen atmosphere in the temperature range from 500 °C to 800° C during 1 hour.
X-ray diffractometry (XRD) in the Bragg-Brentano configuration was performed in a Philips X'Pert MPD using the Cu K α wavelength (1.54056 Å). The X-ray absorption fine structure (XAFS) measurements were performed at the EXAFS data were reduced applying standard procedures using the Demeter package [21] . The ab initio calculations were performed from crystallographic references of the Ga oxide [22] using CRYSTRALFFREV [23] and FEFF8.4 [24] codes. images were recorded by a Digital Instruments Nanoscope IIIa working in the tapping mode. At room temperature, in-plane hysteresis loops were carried out in a vibrating sample magnetometer (VSM). In the VSM we can rotate the sample being possible to measure the in-plane loops at different angles between the applied magnetic field and the in-plane reference direction, the long side of the substrates [20] .
Results and discussion
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In figure 1 we present the XRD diffraction patterns of the as-grown and annealed samples. The as-grown exhibits a main diffraction peak related to the (110) reflection of the α-Fe as generally observed in sputtered Fe-Ga layers [20, 25] . The position of this main diffraction peak shifts towards larger angles for annealing temperatures up to 600 °C reflecting a decrease of the lattice parameter in this annealing temperature range (table I) . This decrease can be due to the formation of Ga-rich areas because of Ga segregation that in turn produce an Fe-rich matrix with a lower lattice parameter than the as-grown Fe 70 Ga 30 alloy. In addition to this, it is observed an increase of the intensity of the Fe(110) peak that reflects an improvement of the longrange order of the matrix up to 600 °C. This point is also confirmed by the increase of the α-Fe(110) peak intensity (I Fe(110) ) in comparison to the Mo(110) (I Mo(110) ) ( Table I) .
At 700 °C the α-Fe (110) The selective chemical state of each element in the alloy can be followed along the annealing process by XAFS. We have obtained the XAFS signal of the as-grown and annealed alloys at the Fe and Ga K-edges ( Fig. 2 ). In particular, the figure 2.a shows the XANES, which is sensitive to the chemical state and coordination of the absorbing element, at the Fe K-edge of the as-grown and 600 °C annealed samples compared with the spectrum of metallic bulk Fe. Although the spectrum of the as-grown sample shares several of the main features with the bulk spectrum, such as the shape of the white line and of the edge, it is also similar to the Fe K-edge spectrum obtained in other Ga-rich Fe-Ga alloys [20] . After annealing at 600 °C the resulting spectrum acquires all the features of the metallic Fe in agreement with the XRD data that show an 7 enhancement of the α-Fe diffraction peak. This evolution to a structure more similar to metallic Fe can be taken as an evidence of the migration of Ga from the Fe matrix that is hence losing Ga content.
The spectra measured at the Ga K-edge give even more information about the annealing process in oxygen atmosphere ( figure 2.b) . Again, the spectrum of the asgrown layer resembles that of Ga-rich Fe-Ga films grown in similar conditions that we have already reported [20] . Interestingly, after annealing at 600 °C the shape of the spectrum changes completely. The main peak rises strongly, the resonances after the edge are modified, and the edge shifts to higher energies, an ensemble of effects which may be a sign of increasing the oxidation state. Considering the reported cases in the literature where Ga oxidizes to form β-Ga 2 O 3 [19, 26] , we have performed ab initio calculations to obtain the theoretical spectrum of the β-Ga The composition of the Fe-Ga layers as well as compositional maps were acquired in a SEM microscope by EDS (Table I and figure 6 ). Also, we have made use of the SEM to image the layer surface. At 500 °C we do not observe any modification of the surface morphology or the Ga content (table I) being obtained an homogeneous
Fe and Ga distribution in the compositional maps (not shown here). At 600 °C we again confirm the presence of the round-shaped bubbles being possible to measure by EDS the composition in and outside of a bubble. We find a significantly higher Ga content inside the bubbles in comparison to the bubble-free regions (table I) . At 700 °C, there is a reduction of the Ga content to 6 at. % that indicates the Ga evaporation from the sample ( Table I ). The compositional maps for this oxidized layer show that the elongated bubbles are in this case poor-Ga regions (figure 6.a and c, dashed white line).
We even detect some uncovered areas, whose morphology remembers that of the elongated bubbles, in which the Fe is even missing (figure 6.a and b, red line).
Eventually, at 800 °C we only detect a residual 1 at. % of Ga indicating the almost complete evaporation of Ga from the layer (table I) . In this case, the compositional images evidence that the decomposition of the sample has continued and large uncovered regions have been detected ( Figure 6 .d and e). 10 Therefore, if we take into account all the experimental results presented so far, we can think on the process as follows. At 500 °C we observe variations on the lattice parameter but not on the morphology or global composition. Then, we can correlate the modification of the lattice parameter with the segregation of Ga to form Ga-rich areas leading to an Fe-enriched more crystallized matrix evidenced by a smaller lattice parameter and improved diffraction pattern. At 600 °C XAFS shows the formation of Ga aggregates that migrate to the surface to form the Ga-rich bubbles as observed by optical images, SEM, and AFM. Also at 600 °C, the Fe-rich matrix continues its crystallization as pointed out by the increase of the diffraction peak intensity whereas part of the Ga starts to be oxidized as revealed by XAFS. This partial oxidation of Ga can be taken place in the Ga-rich bubbles observed at the surface which are areas more exposed to the oxygen atmosphere. The raise of the temperature to 700 °C promotes the evaporation of Ga from the bubbles leaving a Ga-poor matrix. It is beyond this temperature when the Ga-poor matrix oxidizes into α-Fe 2 O 3 . Therefore, Ga prevents the oxidation of Fe even at high temperatures as we only detect the presence of Fe oxides when Ga has greatly evaporated from the layer. Also, at 700 °C we detect the first stages of the sample decomposition. There are some regions whose morphology resembles that of the elongated bubbles from which Fe has also evaporated. These are the areas at which the decomposition starts. In CoGa intermetallic compounds oxidized at high temperature it is observed the formation of β-Ga 2 O 3 due to the Ga diffusion [26] .
In a similar way, we have also found evidences of Ga oxides but more interestingly, it is just after the evaporation of Ga from the layer when Fe starts to oxidize. The signals of decomposition are clear at 800 °C. At this temperature, the uncovered regions have greatly increased in number and size.
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Considering the evolution of the morphology and structure of Fe 70 Ga 30 thin films during annealing in oxygen atmosphere, it is also of great interest to study the evolution of the magnetic properties. The as-grown layer has an in-plane uniaxial magnetic anisotropy (Figure 7 .a) as already reported in Fe-Ga films deposited under the same growth conditions, ballistic regime and 70 W of growth power, and similar Ga content [20] . The layer annealed at 500 °C still exhibits this magnetic anisotropy with an increased coercivity which can be related to the loss of Ga and partial crystallization of [20] . In that case, it was correlated to the presence of a high fraction of the A2 disordered phase, of Ga-rich nanoaggregates and the inhomogeneities promoted by these phases. Here, we have found large Ga-rich regions (even Ga-rich bubbles on the layer surface) and a high crystallization of the Fe-rich matrix. This crystallization seem not to enhance the magnetic anisotropy and therefore, structural degradation caused by the partial Ga oxidation, Ga segregation and formation of Ga-rich regions and the inhomogeneities associated to all these effects are proposed as a cause of the observed magnetic isotropy.
The increase of the annealing temperature up to 700 °C promotes the reduction of the ferromagnetic contribution (figure 7.c). Although we can observe some hysteresis in the magnetization curve, the diamagnetic signal related to the substrate is the main contribution. We can understand this result taking into account that at 700 °C the Fe-Ga 12 has transformed into α-Fe 2 O 3 (hematite) which is a well know antiferromagnetic material. At 800 °C, the ferromagnetic signal is almost vanished due to the sample decomposition.
Conclusions
In summary, we have monitored the evolution of sputtered Fe 70 Ga 30 thin films during annealing in oxygen atmosphere in a temperature range from 500 °C to 800 °C.
The annealing promotes Ga segregation and the formation of Ga-rich aggregates which we have clearly observed at 600 °C by XAFS. Whereas at this temperature we obtain indications of the Ga oxidation, Fe still is in its metallic state. The Ga aggregates form round-shaped bubbles at the layer surface from which Ga evaporates at 700 °C. It is at this temperature when the Ga-poor layer oxidizes into α- 
